
VAN DER ZANDE ET AL . VOL. 6 ’ NO. 8 ’ 7427–7442 ’ 2012

www.acsnano.org

7427

August 02, 2012

C 2012 American Chemical Society

Distribution, Elimination, and Toxicity
of Silver Nanoparticles and Silver Ions
in Rats after 28-Day Oral Exposure
Meike van der Zande,†,* Rob J. Vandebriel,‡ Elke Van Doren,§ Evelien Kramer,† Zahira Herrera Rivera,†

Cecilia S. Serrano-Rojero,† Eric R. Gremmer,‡ Jan Mast,§ Ruud J. B. Peters,† Peter C. H. Hollman,†

Peter J. M. Hendriksen,† Hans J. P. Marvin,† Ad A. C. M. Peijnenburg,† and Hans Bouwmeester†

†RIKILT;Wageningen University & Research Centre, 6700 AE Wageningen, The Netherlands, ‡National Institute for Public Health and the Environment,
3721 MA Bilthoven, The Netherlands, and §CODA-CERVA;Veterinary and Agrochemical Research Centre, 1180 Uccle, Belgium

T
he bactericidal effect of silver nano-
particles (AgNPs) has resulted in their
worldwide use in several consumer

products such as fabrics, deodorants, filters,
toothpaste, washing machines, toys and
humidifiers.1�4 Also in the food and feed
industry, the use of AgNPs is growing, for
instance in packaging materials, nursing
bottles and kitchen utensils. The exact mech-
anism underlying the antibacterial activity
of AgNPs is still unresolved, but literature
suggests that these particles interact with
the membranes of bacteria.4 These efficient
interactions increase with decreasing parti-
cle size and have been associated with the
relatively large surface area to volume ratio
of nanoparticles in comparison to their bulk
counterparts.5 However, these intrinsic
properties of AgNPs also render them po-
tentially harmful to humans. It is gener-
ally agreed that upon ingestion nano-
particles can be absorbed and that ab-
sorption increases with decreasing parti-
cle size.6

Exposure to AgNPs in animal studies is
usually performed by administration of a
AgNP suspension. However, AgNPs in sus-
pension have been described to release
silver ions,7�9 and there is a broad agree-
ment that these silver ions strongly contri-
bute to the biological activity of AgNPs.
Several studies have reported strong influ-
ences of size, coating, concentration, tem-
perature, ionic strength, or time on the dis-
solution behavior of silver nanoparticles.9�11

Nevertheless, in many in vivo and in vitro

exposure studies the need for characteriza-
tion of the soluble silver fraction in AgNP
suspensions is still ignored. Crucial informa-
tion might therefore be missed, possibly re-
sulting in a (partially) wrong interpretation

of the data. Therefore, the AgNP dissolution
behavior should be characterized exten-
sively when using AgNP suspensions for oral
exposure, and AgNP exposure studies should
also include a treatment with silver ions only.
Only then, the effect of the AgNPs per se can
be studied. At present, distribution and
(sub)chronic toxicity data on oral exposure
of AgNPs is still scarce. Tissue distribution
profiles were described in 28-day and
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ABSTRACT

We report the results of a 28-day oral exposure study in rats, exposed to <20 nm noncoated,
or <15 nm PVP-coated silver nanoparticles ([Ag] = 90 mg/kg body weight (bw)), or AgNO3 ([Ag] =
9 mg/kg bw), or carrier solution only. Dissection was performed at day 29, and after a wash-out
period of 1 or 8 weeks. Silver was present in all examined organs with the highest levels in the liver
and spleen for all silver treatments. Silver concentrations in the organs were highly correlated to
the amount of Agþ in the silver nanoparticle suspension, indicating that mainly Agþ, and to a
much lesser extent silver nanoparticles, passed the intestines in the silver nanoparticle exposed rats.
In all groups silver was cleared from most organs after 8 weeks postdosing, but remarkably not
from the brain and testis. Using single particle inductively coupled plasmamass spectrometry, silver
nanoparticles were detected in silver nanoparticle exposed rats, but, remarkably also in AgNO3
exposed rats, hereby demonstrating the formation of nanoparticles from Agþ in vivo that are
probably composed of silver salts. Biochemical markers and antibody levels in blood, lymphocyte
proliferation and cytokine release, and NK-cell activity did not reveal hepatotoxicity or
immunotoxicity of the silver exposure. In conclusion, oral exposure to silver nanoparticles appears
to be very similar to exposure to silver salts. However, the consequences of in vivo formation of
silver nanoparticles, and of the long retention of silver in brain and testis should be considered in a
risk assessment of silver nanoparticles.

KEYWORDS: silver nanoparticles . oral exposure . in vivo . distribution .
elimination . toxicity
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90-day oral exposure studies.4,8,12 However, in all these
studies only one type of AgNP was used, precluding
evaluation of the influence of the coating or size of
the particles on the distribution profile. Furthermore,
none of the studies used particles that were ap-
proved for testing in the Organization for Economic
Cooperation and Development (OECD) testing pro-
gram, nor did they examine the elimination of silver
from the organs in time. Next to biodistribution,
toxicity parameters have been evaluated in two oral
exposure studies,4,12 but both studies lacked a silver
ion group for comparison, leaving a crucial knowl-
edge gap on the toxicity evaluation of AgNPs in
comparison to silver ions.
Therefore, the aim of the present study was to

examine the toxicokinetics and tissue distribution of
two types of AgNPs and of silver ions in rats, following a
28-day daily repeated oral exposure, with a wash-out
period of up to two months. Relatively small AgNPs
were selected, since distribution and accumulation of
smaller particles is expected to be higher and more
widespread than those of larger particles.13,14 We
selected AgNPs (Ag < 20) that are approved for testing
in the OECD program, and have an average size
<20 nm. In addition, coated AgNPs (Ag < 15-PVP),
having an average size <15 nm and a 75 wt % poly-
vinylpyrrolidone (PVP) coating, according to the man-
ufacturer, were selected. The physicochemical char-
acteristics and the dissolution behavior of the AgNPs in
suspension were characterized by transmission elec-
tron microscopy (TEM), dynamic light scattering (DLS),
ultraviolet�visible (UV�vis) spectroscopy and atomic
absorption spectroscopy (AAS). To assess tissue dis-
tribution in vivo, total silver contents were determined
with AAS in a broad range of organs, blood, and
intestinal contents. Furthermore, single particle induc-
tive coupled plasma mass spectroscopy (SP-ICP�MS)
was applied to detect silver containing nanoparticles in
a selection of these organs and in intestinal contents.

The elimination of accumulated silver in the various
organs and blood was investigated by AAS and SP-ICP-
MS 1 and 8 weeks after the last exposure. Hepatotoxi-
city was monitored by analysis of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST)
levels in plasma and immunotoxicity by testing the
proliferation of T- and B-cells isolated from spleen and
mesenteric lymph nodes (MLN) in response to lipopo-
lysaccharides (LPS) or Concanavalin A (ConA). Also,
cytokine levels in culture media from these proliferat-
ing T- and B-cells, and the activity of natural killer (NK)-
cells isolated from the spleen were measured. Finally,
antibody levels in blood were evaluated.

RESULTS AND DISCUSSION

Characterization of AgNPs Suspensions. The size distribu-
tions of the two AgNP types were determined by TEM
and DLS. TEM indicated an average particle core size of
17.7 ( 3.3 nm for the Ag < 20 particles, with an
monomodal distribution of the particles (Figure 1).
These results corroborate the publicly available char-
acterization data provided by the manufacturer.15 The
Ag < 15-PVP particles had a mean particle core size of
12.1 ( 8.0 nm. However, unlike the Ag < 20 particles,
their size distribution was bimodal (Figure 2). Particles
were distributed in two size ranges of which ∼75% of
the total amount of the particles had a core size <
15 nm, with a maximum peak at 10 nm. The remaining
particles (∼25%) had core sizes ranging from 15 up to
62 nm, with a peak at ∼22 nm. According to the
characterization data provided by the manufacturer,
the silver core of the particles is < 15 nm, which was
confirmed for ∼75% of the particles. The PVP coating
of the Ag < 15-PVP particles was clearly visible as a
white corona after negative staining with uranyl ace-
tate (Figure 2C) and the thickness of the coating was
approximately 4�6 nm.

DLS results indicated three peaks within the size range
of the hydrodynamic particle size for the Ag < 20 particles.

Figure 1. TEM analysis of Ag < 20 silver nanoparticles (NM-300K; ID no. 0454). (A) A representative micrograph showing
AgNPs and (B) histogram representing the number-based distribution of the mean core diameter of the AgNPs. Scale bar:
100 nm.
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The largest peak, with a maximum at 59 nm, con-
sisted of ∼80% of the total volume. The other two
peaks, with maxima at 4 and 13 nm, consisted each of
approximately 10% of the total volume (Figure 3). The
particle size distribution of the Ag < 15-PVP particles
consisted of two peaks. The largest peak, comprising
∼90% of the total volume, had a maximum at 49 nm,
while the maximum of the smaller peak, consisting of
∼10% of the total volume, was located at 2 nm
(Figure 3). The hydrodynamic size distribution curves
of both the Ag < 20 and Ag < 15-PVP particles
remained stable up to five months (data not shown).

In comparison to the TEM data, DLS measurements
indicated a larger size for both particles. It is well-
known that DLS measurements are biased toward a
larger size, because DLS measures the hydrodynamic
size of particles, which includes both the core and the
coating, while EM measures only the electron dense
core of dried nanoparticles.16,17 Particles used in this
study are surrounded by the PVP coating (Ag < 15-PVP)
or by the stabilizing agents (Ag < 20; polyoxyethylene

glycerol trioleate and polyoxyethylene (20) sorbitan
monolaurate (Tween 20)), adding to the hydrodynamic
diameter. Furthermore, as an artifact of the DLS meth-
odology, larger particles will overshadow smaller par-
ticles. As a result, only a small amount of slightly larger
particles present in the suspension, will already greatly
influence themaximumparticle size of a peak. Also, the
two smaller peaks at 4 and 13 nm in the DLS data of the
Ag < 20 particle suspension and the peak at 2 nm for
the Ag < 15-PVP particles suspension do not corre-
spond to the TEMdata. It should be considered that the
smaller peak at 4 nm for the Ag < 20 particles, and the
smaller peak at 2 nm for the Ag < 15-PVP particles were
caused by noise. The peak at 13 nm for the Ag < 20
particles might represent micelle structures of the
stabilizers instead of the AgNPs.

For the Ag < 20 suspensions to be given to the rats,
we calculated a total silver concentration of 27mg/mL,
based on information given by the supplier. This
corresponded nicely with the measured total silver
concentration of 25.9 ( 1.9 mg/mL. In contrast, the

Figure 2. TEM analysis of PVP coated nanoparticles (Ag < 15-PVP). (A) Representative micrograph showing AgNPs, (B)
histogram representing the number-based distribution of the mean core diameter of the PVP coated AgNPs, and (C)
representative micrograph of negatively stained PVP coated AgNPs, showing the PVP coating as an electron-lucent corona
surrounding the AgNPs (arrowheads). Scale bars: 100 nm.

Figure 3. Hydrodynamic diameters of Ag < 20 and Ag < 15-PVP particles, measured with DLS.
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measured total silver content in the Ag < 15-PVP
suspension was determined to be 12.5 ( 0.8 mg/mL,
2-fold lower than the calculated total silver concentra-
tion of 27 mg/mL. In this calculation, the 75 wt % PVP
coating of the particles was already taken into account.
It remains unclear what causes this difference.

AgNP dissolution behavior was studied bymeans of
ultrafiltration over a 3 kDamembrane. DLS and UV�vis
spectroscopy analysis of the filtrates assured that no
particles crossed the membrane (data not shown) and
filtration of a dilution series of AgNO3 indicated an
average recovery of silver of 92 ( 5% after filtration,
independent of the concentration. Loss of ions due to
binding to the filter was therefore regarded negligible.
Initially, AgNP dispersions at a concentration of 27 mg
silver/mL were used for oral exposure, but clogging
and/or rupture of the filter in the ultrafiltration proce-
duremade it impossible to determine the soluble silver
content at such a high concentration. Hence, dilution
series of the two AgNP suspensions were analyzed and
the impact of dilution on the silver ion dissolution was
assessed. These results were used to evaluate whether
the ionic content measured in these series could be
extrapolated to the ionic content in the suspensions
that were administered to the rats. Both AgNP suspen-
sions behaved similarly and appeared to be stable at all
concentrations with an average silver ion content
of ∼7% (Table 1). Therefore, it was regarded fair to
assume that the soluble silver content in both suspen-
sions of 27mg/mL, administered to the rats, would also
amount to 7%, at least immediately after preparation.
The absence of a concentration-dependent effect on
the dissolution behavior of AgNPs has been described
earlier,10,11 as well as the effect of time,9�11 but to our
knowledge, so far no study compared polyoxyethylene
glycerol trioleate/Tween 20 stabilized particles and
PVP-coated particles.

During the study, AgNP suspensions were freshly
prepared three times a week just before exposure, so
suspensions were used up to a maximum of 2 days
after preparation. Therefore, the influence of time on
the dissolution behavior of the particles was also
studied (Table 2). The Ag < 20 suspension remained
stable with an average soluble silver content of 6% (
0.3 during 7 days. In contrast, ion dissolution of the
Ag < 15-PVP particles appeared to be highly time
dependent, as the ion content increased up to 45%
after 7 days. This makes it impossible to accurately
predict the soluble silver content to which the rats of
the Ag < 15-PVP groups were exposed, but, compared
to the Ag < 20 groups, the soluble silver content could
possibly be up to four times higher. Comparing the
percentage of Agþ of the Ag < 15-PVP at 0 h of Table 2
with the percentage of Agþ of the Ag < 15-PVP in the
last column of Table 1, one should expect similar
results. However, the dissolution of Agþ is rather fast
and these differences might be caused by small differ-
ences between the experiments. It could be speculated
that the high release of silver ions from theAg< 15-PVP
particles would lead to a decrease in size of the
particles, but DLS data showed that there were no
changes in size of the particles in time. However, the
weight and diameter of a spherical particle are related
by the third power, so a release of 45% of Agþ would
only reduce the diameter slightly, and DLS is not
suitable to measure such minute changes, as was
described in this paper earlier.

Even though there are, to our knowledge, no
published studies that compared polyoxyethylene

TABLE 1. Total Silver Content (Mean ( SD, n = 2) in AgNP

Suspension Dilution Series, Ultrafiltered Immediately

after Dilution

[Ag] in

μg/mL

Ag < 20 before ultrafiltration

[Ag] in μg/mL

Ag < 20 after ultrafiltration

[Ag] in μg/mL % of Agþ

100 111.1 ( 0.395 6.20 5.5
50 48.0 ( 4.523 3.10 ( 0.186 6.5 ( 1.0
25 18.6 ( 5.304 1.45 ( 0.053 8.1 ( 2.0
10 7.7 ( 0.871 0.50 ( 0.022 6.5 ( 0.4
5 3.4 ( 0.206 0.24 ( 0.029 7.0 ( 0.4

[Ag] in

μg/mL

Ag < 15-PVP before

ultrafiltration [Ag] in μg/mL

Ag < 15-PVP after

ultrafiltration [Ag] in μg/mL % of Agþ

100 98.8 ( 0.001 6.50 ( 0.184 6.6 ( 0.2
50 49.4 ( 0.001 3.32 ( 0.092 6.7 ( 0.2
25 23.4 ( 1.838 1.82 ( 0.001 7.8 ( 0.6
10 8.8 ( 0.001 0.63 ( 0.028 7.1 ( 0.3
5 4.7 ( 0.092 0.29 ( 0.009 6.2 ( 0.3

TABLE 2. Total Silver Content (Mean( SD, n= 2) in aAgNP

Suspension, in Which Ultrafiltration Was Performed after

Various Time Periods

time

Ag < 20 before ultrafiltration

[Ag] in μg/mL

Ag < 20 after ultrafiltration

[Ag] in μg/mL % of Agþ

22.0 ( 0.8
0 h 1.22 ( 0.002 5.8 ( 0.4
1 h 1.32 ( 0.020 6.2 ( 0.6
3 h 1.32 ( 0.064 6.3 ( 0.2
6 h 1.40 ( 0.001 6.6 ( 0.5
24 h 1.44 ( 0.006 6.8 ( 0.6
48 h 1.31 ( 0.075 6.2 ( 0.8
7d 1.35 ( 0.051 6.4 ( 0.8

time

Ag < 15-PVP before

ultrafiltration [Ag] in μg/mL

Ag < 15-PVP after

ultrafiltration [Ag] in μg/mL % of Agþ

8.0 ( 0.1
0 h 1.09 ( 0.066 13.6 ( 0.6
1 h 1.81 ( 0.097 22.6 ( 0.9
3 h 2.29 ( 0.199 28.7 ( 2.1
6 h 2.95 ( 0.284 36.9 ( 4.1
24 h 2.84 ( 0.188 35.5 ( 2.9
48 h 3.10 ( 0.139 38.8 ( 2.3
7d 3.62 ( 0.162 45.3 ( 2.7
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glycerol trioleate/Tween 20 stabilized particles and
PVP-coated particles, one study reported a higher
release rate of silver ions from PVP-coated particles
(50( 20 nm) in comparison to that from citrate capped
AgNPs of the same size. Citrate has been suggested to
act as a possible chemical barrier for silver ion
dissolution.9,11 The results of the PVP-coated particles
in the study by Kittler et al., 201111 resemble our data
and the stabilizing agents that are present in the Ag <
20 particle stock suspension (polyoxyethylene glycerol
trioleate and Tween 20) might function as a coating
through the same mechanism as citrate does, hereby
effectively preventing ion dissolution. Consequently,
the stable Ag < 20 particles were further regarded as
model particles throughout the study to compare
AgNP exposure with AgNO3 exposure relative to the
amount of soluble silver.

28-Day Oral Exposure Study. Rats were exposed daily
for 28-days by oral gavage to 90 mg/kg body weight
(bw) Ag < 20 or Ag < 15-PVP particles, to 9 mg/kg bw
AgNO3, or to their respective vehicle solutions only. The
10 times lower dose of AgNO3was intentionally chosen
in the range of the soluble silver content in the Ag < 20
suspension. Two different negative control groups
were included since the vehicle solution of the Ag <
20 particles contained additional AgNP stabilizing
agents. At day 29 the animals were euthanized and
organs were collected. Wash-out groups, identically
exposed for 28-days to Ag < 20, Ag < 15-PVP, or AgNO3,
were euthanized at day 36 and 84.

Body and Organ Weights. All rats were weighed daily
before, and weekly after day 36. The increase in body
weight of the AgNP/AgNO3 exposed rats was similar to
that of the control groups, and also to the standard
curve supplied by the breeder (data not shown). Also,
organs from AgNP/AgNO3 exposed rats, collected at
day 29, 36, and 84, showed no significant differences in
weight in comparison to the control groups (data not
shown). Furthermore, no behavioral differences were

observed between the different groups throughout
the study.

Silver Kinetics in Blood and Feces. Weekly, blood was
drawn from the rats and feces was collected. In these
samples the elemental silver content was determined.
Since the exposure dose of silver was not equal in all
groups (90 mg/kg bw for the Ag < 20 and Ag < 15-PVP
groups vs 9 mg/kg bw for the AgNO3 group), all results
were normalized on the silver exposure dose and
presented as the ratio between the measured silver
concentration in blood or feces (μg silver/kg blood or
feces) and the daily silver exposure dose (mg silver/kg
body weight). Absolute measured silver concentra-
tions in blood are given in the Supporting Information
(Table S1). The blood and fecal silver contents in the
control groups were below detectable levels (<5 μg
silver/kg blood and <100 μg silver/kg feces), and are
therefore not shown. Only a small difference in the
blood silver content was detected between the ani-
mals treated with the Ag < 20 and Ag < 15-PVP
particles (Figure 4A). However, the blood silver content
in the AgNO3 group was significantly higher than that
of the AgNP groups at all time points during exposure.
This clearly illustrates a much higher uptake of silver
when AgNO3 was administered compared to AgNPs.
One day after the final exposure at day 28, a significant
reduction in blood silver could already be detected in
all groups and 1 week postexposure blood silver levels
were reduced to a nondetectable level, indicating a
rapid clearance of silver from the blood in all groups.

Figure 4A also shows that, during the first 28 days,
the silver content in thebloodofAg<20andAg<15-PVP
groups was approximately 7 to 10 times lower than
that in the AgNO3 group. From these findings we
hypothesize that mainly the soluble silver, released
from the nanoparticles, is bioavailable in the AgNP
groups. To evaluate this hypothesis, the blood silver
content was also normalized on the soluble silver
exposure dose and presented as the ratio between

Figure 4. Silver content in blood (mean ( SEM, n = 5) during 84 days. (A) The blood silver content normalized on the daily
silver exposure dose is presented as a ratio between the measured silver concentration in blood (μg silver/kg blood) and the
daily silver (Ag ions and AgNPs) exposure dose (mg silver/kg body weight). (B) The blood silver content normalized on the
daily soluble silver exposure dose is presented as a ratio between the measured silver concentration in blood (μg silver/kg
blood) and the daily soluble silver (Ag ions) exposure dose (mg silver/kg body weight). The soluble silver exposure dose for
Ag<20was calculated at 7%of the silver exposuredose (Ag ions andAgNPs) and at 100% forAgNO3. (/) Significant difference
of AgNPs vs AgNO3 (p < 0.05).
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the measured silver concentration in blood (μg silver/
kg blood) and the daily soluble silver exposure dose
(mg silver/kg bodyweight). The soluble silver exposure
dose equals 7% of the silver exposure dose for Ag < 20,
and 100% of the silver exposure dose for AgNO3

(Figure 4B). We did not normalize the Ag < 15-PVP
data, because the release of Agþ from these particles is
time-dependent (Table 2). Normalization on the solu-
ble silver exposure dose indeed showed that the
difference between Ag < 20 and AgNO3 was much
smaller compared to Figure 4A, although now, the
plasma silver content in the Ag < 20 group was
significantly higher than that in the AgNO3 group.
These data indicate that after oral exposure to AgNPs
the major part of plasma Ag is ionic Ag released from
the AgNPs. It may be argued though, that the AgNPs
might dissociate to a higher extent in vivo, compared
to in vitro, since a decrease in pH from7.4 to 4.0 (like the
stomach environment18) has been reported to increase
the dissolution rate of silver ions from AgNPs.10 How-
ever, in a study performed in our laboratory using an in
vitro digestion model, it was shown that the number,
size, and the composition of AgNPs were not affected
by the differences in pH (unpublished data). The
soluble silver content, however, was not measured in
this latter study.

Besides blood silver contents, also fecal silver con-
tents were determined. Fecal sampling was performed
by collecting a specimen weekly in the morning.
Therefore, results on fecal silver content are merely
indicative. After normalization on the silver dose that
was used for exposure, the fecal silver content ap-
peared to be similar between both AgNP groups
during the entire study period (Figure 5). The silver
content in the AgNO3 group seemed a little higher
than that in the AgNP groups, with significant differ-
ences on day 7 versus the Ag < 20 group, and on day 29
versus the Ag < 20 and Ag < 15-PVP group. After the
final exposure at day 28, silver was rapidly eliminated

from the feces to a nondetectable level, 1-week post-
exposure. The excreted Ag in the feces was estimated
at about >99% of the intake, implying that only a
minute fraction was absorbed. The low silver content
of plasma is in agreement with this low absorption.

Distribution of Total Silver. To examine the distribution
profile of silver in the different exposure groups, the
total silver content wasmeasured in a variety of organs
that were collected at day 29. Results were again
normalized on the silver exposure dose and are de-
picted in Figure 6A. Absolute measured silver tissue
concentrations are given in the Supporting Informa-
tion (Table S2). Silver concentrations in the blank
control groups were below the limit of detection, and
are therefore not shown. In all three groups, silver
concentrations were highest in the emptied tissues
of the gastrointestinal tract, although large differences
between animals were observed, probably due to
different passage times of the gastrointestinal con-
tents. Next, the organs with the highest silver concen-
trations were the liver and spleen, followed by the
testis, kidney, brain and lungs. Again, the uptake of
silver was much higher in the AgNO3 group in compar-
ison to the AgNP groups, corroborating with the silver
uptake results in blood. One striking observation was
that there were no significant differences in dis-
tribution profiles between the two types of AgNPs.
Apparently, the coating had no effect on the tissue
distribution behavior.

After normalization of the silver contents in the
organs on the soluble silver exposure dose, the AgNO3

and Ag < 20 groups had similar silver contents in all
organs except for the testis and spleen (Figure 6B),
thereby further strengthening the hypothesis that
mainly silver in a nonparticulate form is absorbed via

the intestines. In a 28-day rat study, rats were orally
exposed to PVP-coated AgNPs (14 nm) and silver
acetate.8 The AgNP suspension contained 11% of
soluble silver and results showed higher silver concen-
trations in several organs for the group receiving silver
acetate (AgAc). This corroborates with our findings on
the significantly higher absorption of silver in the
soluble silver group versus the AgNP groups. In con-
trast to our work, these authors indicated that not only
soluble silver, but also a significant fraction of AgNPs
contributed to the silver in the organs of the AgNP
group. In the present study, contribution of AgNPs to
the silver concentration in organs was only observed
in the testis and spleen and to a much lower extent.
These inconsistenciesmight be explained by the use of
different particles, or by the slight differences in ex-
posure (twice a day versus the single exposure in our
study). In fact, when considering the particles, even
small variations in endless combinations of factors like
size,19 surface charge, coatings, or stabilizers of the
particles, or the concentration of the particles used
for exposure4,12 can lead to a different distribution

Figure 5. Silver content in feces (mean( SEM, n = 5) during
84 days. Results are normalized on the daily silver exposure
dose and presented as a ratio between the measured silver
concentration in feces (μg silver/kg feces) and the daily
silver (Ag ions and AgNPs) exposure dose (mg silver/kg
body weight). (/) Significant difference of AgNO3 vs Ag <
15-PVP (P < 0.05); (#) significant difference of AgNO3 vs
Ag < 20 (p < 0.05).
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pattern. Subsequently, also the animal species, strain,
age, breeding, and housing facilities, and inter-animal
differences may have an impact on the outcome of the
study. Clearly, more knowledge on the behavior of
different types of AgNPs in vivo is required to fully
understand and explain the distribution of AgNPs in vivo.

Previously, the liver and kidneys have been de-
scribed as the primary organs for silver distribution,
whether theexposurewasorally,4,8,12,14 intravenously,19,20

subcutaneously,21 or through inhalation.22 Consider-
ing the biological clearance function of both the liver
and kidneys, high silver concentrations in these organs
may have been expected. In liver however, high silver
concentrations may also be caused by accumulation of
thiol-silver complexes, due to the high affinity of silver
ions to sulfur containing groups that are commonly
present in the liver.9,23 Deposition of silver in the liver
has been detected in several cell types, including
the Küpffer cells, and the sinusoidal endothelium
cells.12,24,25 In kidneys, deposition has been reported
to occur in the renal glomerular basement mem-
brane,24,26,27 and in the mesangium.28

Besides the liver and kidneys, the spleen and testis
also contained high amounts of silver. Two other oral
exposure studies reported high distribution of silver
to the testis as well,4,12 whereas high distribution to
the spleen has been reported after intravenous ex-
posure.19 However, the latter study showed a size-
dependent distribution of AgNPs to the spleen, in
which 80 and 110 nm particles resulted in high splenic
distribution, while 20 nm particles did not.19

Silver was also distributed to the brain, which is in
correspondencewithprevious reports aswell.3,4,8,12,19,29�31

However, in most studies, including ours, it is not clear
whether the silver is present in the brain endothelial
cells or in the brain tissue. Therefore, it is not clear if the
silver passed the blood-brain barrier. One study how-
ever, confirmed by TEM-energy dispersive X-ray spec-
trometry (EDX) the presence of AgNPs in neuronal cells
after subcutaneous exposure.21 In comparison to other
AgNP exposure studies,4,8,12,19 the silver content in the
brain in our study appeared to be relatively high. The
organs were not perfused before measurement in our
study, so residual blood could have influenced the

Figure 6. Silver content in tissues (mean( SEM, n = 5) at day 29. (A) The tissue silver content normalized on the daily silver
exposure dose is presented as a ratio between the measured silver concentration in tissue (μg silver/kg tissue) and the daily
silver (Ag ions and AgNPs) exposure dose (mg silver/kg body weight). (B) The tissue silver content normalized on the daily
soluble silver exposure dose is presented as a ratio between the measured silver concentration in tissue (μg silver/kg tissue)
and the daily soluble silver (Ag ions) exposure dose (mg silver/kg body weight). The soluble silver exposure dose for Ag < 20
was calculated at 7% of the silver exposure dose (Ag ions and AgNPs) and at 100% for AgNO3. (/) Indicates statistically
significant differences between the groups (p < 0.05). Abbreviations: S.I., small intestine; L.I., large intestine.
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measurements in organs with a high blood content,
like the brain or lungs. Yet, the silver content in blood
was 2�3 times lower than the silver content in brain,
indicating that the contribution of silver in blood
would probably be small. Evidence of silver transfer
across the blood�brain-barrier is alarming, since neu-
rotoxicity of silver in the brain has already been
reported after systemic, intracerebral, and intranasal
administration of AgNPs.32�35 The AgNPs were de-
scribed to alter sensory, motor, and cognitive functions
in mice, depending on the dose and duration of
exposure.32�34 However, those studies did not include
a soluble silver control to evaluate whether the effects
were caused by the AgNPs or by the silver ions, but
copper and aluminum nanoparticles were capable of
inducing the same effects, suggesting that this was
indeed related to the presence of metal-containing
nanoparticles. Furthermore, intranasal exposure of
AgNPs (30�380 nm) in rats at doses of 3 and 30 mg/kg
bw has been described to induce brain edema, and
damage to neurons, which resulted in learning and
memory deficits, but also this study did not include a
soluble silver control.35

In the wash-out groups at days 36 and 84, the
percentage of silver remaining in the organs was
calculated on the basis of the results of day 29. In most
tissues, silver concentrations were already significantly
reduced below 50% one-week postexposure, and ap-
proached complete clearance in nearly all samples at
day 84 (data not shown). However, four of the exam-
ined tissues behaved differently, namely brain, testis,
kidney, and spleen (Table 3). Absolute measured silver
concentrations in these tissues are given in the Sup-
porting Information (Table S3). In brain and testis, 70 to
100% of the total silver at day 29 remained present
1-week postexposure (day 36) in all exposure groups.
The silver levels in the brain were still above 90% even
2 months postexposure. In the testis the silver con-
centration was deceased slightly more after this time
period, but was still above 70% for the AgNO3 and Ag <
20 group, and above 30% in the Ag < 15-PVP group. In
the kidney and spleen, more than 50% of the silver
remained in the AgNO3 and Ag < 20 groups after
1 week. After 2 months, the silver content dropped
significantly, with the exception of the silver content in
the kidney for the AgNO3 group that was still above

50%. Silver content in the kidney and spleen was
already low 1-week postexposure for the Ag < 15-PVP
group, and almost negligible after 2 months. In con-
trast to the distribution results at day 29, the two
types of nanoparticles gave different results in time,
although these differences were not significant at the
various time points. The clearance of silver from the
tissues of the rats thatwere exposed to theAg<15-PVP
particles seemed to occur twice as fast as in the rats
that were exposed to the Ag < 20 particles. This
difference, however, might not be due to the differ-
ence between the particles, it could possibly be attrib-
uted to the absolute silver concentration in the tissues.
The absolute silver concentrations in the tissues of the
Ag < 15-PVP exposed rats were approximately two
times lower at day 29 (Supporting Information: Table S3)
than those in the tissues of the Ag < 20 exposed rats.
Clearance from the tissues might be dose dependent,
where lower concentrations are cleared quicker than
higher concentrations.

The presence of silver in the brain is alarming, due
to the potential risks mentioned previously, but the
observation that silver remains present in the brain is
even more disturbing. An older study from the 1980s
showed that intraperitoneally injected silver dis-
tributed to the brain and remained present at least
13 months. The silver content started decreasing
only after 4 to 8 months.29 This suggests that accumu-
lated silver in the brain can be expected to be long
lasting.

Retention of silver has also been studied by others
in liver, lung, and kidney, after a single intravenous
dose of AgNPs (∼8 nm). For three days, there was a
rapid decline in silver content in liver and lung tissue,
but not in the kidneys.20 These results nicely corre-
spond to the results of our study, where clearance
from the kidney also appeared to progress more
slowly. A single subcutaneous injection with AgNPs
(50�100 nm) has been reported to induce prolonged
accumulation of silver up to 24 weeks in the kidney,
liver, spleen, brain, lung, and blood, which is signifi-
cantly different fromour results.21 Itmust be noted that
the particles reached their maximum concentrations in
the organs only after 12 to 24 weeks, probably due to
the administration route. The particles that were used
in that study were poorly characterized.

TABLE3. Retentionof Silver in SeveralOrgans atDay36 and84,MeasuredbyAAS.DataAreGivenAs aPercentage(SEM

of the Silver Concentrations Measured at Day 29 (n = 5)

brain testis kidney spleen

day 36 day 84 day 36 day 84 day 36 day 84 day 36 day 84

AgNO3 99 ( 12% 100 ( 5% 114 ( 29% 94 ( 11% 102 ( 19% 60 ( 16% 71 ( 23% 22 ( 7%a

Ag < 20 109 ( 7% 95 ( 7% 103 ( 15% 76 ( 11% 71 ( 14% 27 ( 3%a 52 ( 8%a 13 ( 1%a

Ag < 15-PVP 107 ( 11% 94 ( 5% 74 ( 29% 34 ( 13%a,b 37 ( 11%a,b 0%a,b 21 ( 2%a 7 ( 2%a

a Significant decrease in silver concentration versus day 29 (p < 0.05). b Significant decrease in silver concentration versus AgNO3 at the same time point (p < 0.05).
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Currently, to our knowledge, no studies described
the behavior of silver in testis. However, the finding of
silver accumulating in testis is of high concern and
extremely important to explore further.

Distribution of Silver Containing Nanoparticles. Measure-
ments of the total silver content in organs does not
provide information about whether the silver is pres-
ent in soluble or particulate form. We therefore ap-
plied SP-ICP-MS to detect silver containing nano-
particles in several tissues taken at day 29, 36, and 84
and in the gastrointestinal contents. Results from day 29
indicated that both AgNP groups and the AgNO3 group
contained nanoparticles in the liver, spleen, and lungs, as
well as in the gastrointestinal contents one day after the
final exposure (Table 4). No nanoparticles were detected
in the control groups nor in all groups at days 36 and 84.

Quite remarkable was the detection of silver con-
taining nanoparticles in the AgNO3 group, indicating
that nanoparticles were formed in vivo from soluble
silver. The exact composition of the particles cannot
be determined with SP-ICP�MS, since the technique
is limited to single element detection, due to the
extremely short dwell times that are necessary for
particle detection. Several possibilities can be envi-
saged for the in vivo formation of silver salts, like AgS,
AgSe, or AgCl from soluble silver ions. This is very likely

to happen, especially considering the high binding
affinity to sulfur, which is commonly present in cellular
structures, and the high abundance of chloride in vivo.9

This theory is supported by the results of a study
performed our laboratory, in which AgNPs and AgNO3

were immersed in gastrointestinal juices using an
in vitro digestion model (unpublished data). Here, nano-
sized silver salts containing sulfur and chloride were
formed from AgNO3 in the intestinal juices. The pres-
ence of silver salts has been described in the intestines
in rats (AgS andAgSe) after oral exposure to AgAc,8 and
in the kidneys of mice (AgS) after oral exposure to
AgNO3.

24 Furthermore, complex formation of AgS and
AgSe was also reported to occur in the skin of argyria
patients.36 Formation of AgCl has been described in an
in vitro study, in which PVP-coated AgNPs strongly
reactedwithHCl.37 Since soluble silver is also present in
the AgNP groups, there is a possibility that silver salts
were formed in these groups as well.

It cannot be excluded that only a subpopulation of
larger AgNPs was detected in the tissues. The sizes of
the nanoparticles approached the minimum measur-
able size of the SP-ICP�MS technique, which is ap-
proximately 20 nm. Thus, AgNPs smaller than 20 nm
are not detected. Also the AgNP concentrations in
the measured tissues and gastrointestinal contents

TABLE 4. Presence of Silver Containing Nanoparticles in Organs (n = 5), and Sizes of Detected Nanoparticles, Measured

by SP-ICP-MS at Day 29

# of animals positive for the presence of nanoparticles average particle size (nm)

AgNO3 Ag < 20 Ag < 15-PVP-PVP AgNO3 Ag < 20 Ag < 15-PVP-PVP

stomach content 3 1 1 26 32 32
S.I. content 4 3 2 23 24 28
L.I. content 5 4 5 23 29 30
liver 5 5 5 24 24 24
spleen 2 3 2 23 22 22
lungs 0 1 1 ND 20 26

Figure 7. Enzyme activity levels in plasma (mean ( SEM, n = 5) at day 29 of (A) ALT and (B) AST.
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approached the detection limits of the SP-ICP�MS
technique. So, our measurements are possibly an
underestimation, which is why the exact concentration
of AgNPs in the tissues could not be determined.

Blood Biochemical Analysis. Aberrant expression of AST
and ALT in blood is indicative of injury to the liver.
Results of the biochemical analysis of these two mar-
kers in plasma at day 29 are shown in Figure 7. Plasma
levels of all silver exposed groups were compared to
each other, aswell as to their respective control groups.
In all groups the absolute levels of AST and ALT in
plasma were relatively low compared to reference
values38,39 and no significant differences were de-
tected in either comparison, signifying that there is

no indication of acute hepatotoxicity. However, even
though AST and ALT markers in blood are not signifi-
cantly increased, some mild adverse responses in liver
might still occur. Our findings on the AST and ALT
levels in the AgNP exposed groups are consistent with
two previously reported 28-day AgNP oral exposure
studies.4,12 In these studies, varying concentrations of
AgNPs, of approximately 60 nm, were used at doses
that far exceeded the dose used in the present study.
No differences in AST or ALT levels were reported, but
there were significant increases in cholesterol and
alkaline phosphatase levels (also markers indicative
for liver damage) for the higher dosage groups (>500
mg/kg bw) and histopathological analysis of the liver

Figure 8. Antibody levels in plasma (mean ( SEM, n = 5) at day 29 of (A) IgM and (B) IgG.

Figure 9. Proliferation of lymphocytes (mean ( SEM, n = 5), isolated from the (A) Spleen and (B) MLN.
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showed dose-dependent exposure effects, including a
slightly increased incidence of bile duct hyperplasia,
with or without necrosis.4,12 Subchronic inhalation of
AgNPs has also been described to result in similar
histopathological findings in liver as described above
without induction of AST or ALT levels in blood.3,40

Immunotoxicity Analysis. Several approaches were ap-
plied to evaluate whether oral exposure to AgNPs
induced immunotoxic responses. The determination
of IgM and IgG levels in plasma indicated that exposure
to silver did not affect total serum IgG and IgM levels
(Figure 8). Additionally, proliferation of mitogenically
stimulated T-or B-cells, isolated from the spleen and
MLN, was not significantly altered in the exposure
groups (Figure 9). Furthermore, cytokine levels in the
supernatants of these stimulated T- and B-cells were

unaffected in the exposure groups (Tables 5 and 6).
Finally, the activity of NK-cells, isolated from the spleen,
was unaffected by the silver exposure (Figure 10).
Taken together, these results indicate that oral AgNP
exposure does not result in nonspecific immune re-
sponses in vivo. In vitro studies on the other hand, have
proven the release of several cytokines to be increased
by AgNP exposure to macrophages,41,42 and human
peripheral blood mononuclear cells (PBMCs).43 How-
ever, in our study the cytokine levels weremeasured to
assess whether the responses of lymphocytes to the
stimuli ConA and LPS were impaired by in vivo AgNP
exposure, in contrast to assessing whether AgNPs
affect the response in vitro. Nevertheless, the in vitro

study with human PBMCs, reported that T-cell prolif-
eration in response to ConA was not affected by AgNP

TABLE 5. Cytokine Levels in pg/mL (Mean ( SEM, n = 5) in Cell Culture Medium from LPS Stimulated Lymphocytes,

Isolated from Spleen and MLN at Day 29

Ag < 20 Ctrl-Ag < 20 Ag < 15-PVP AgNO3 Ctrl-Ag < 15-PVP/AgNO3

Cells Isolated from Spleen; LPS Treated
IL-1β 4674 ( 105 4104 ( 158 4344 ( 183 4156 ( 169 4292 ( 112
IL-6 11661 ( 252 10248 ( 610 10957 ( 559 9747 ( 286 10813 ( 361
IL-10 27221 ( 1090 23815 ( 1131 24466 ( 1164 23353 ( 984 24715 ( 121
TNFR 7886 ( 52a 6211 ( 229 7311 ( 200 6480 ( 40 7248 ( 203

Cells Isolated from MLN; LPS Treated
IL-1β 1688 ( 84 1460 ( 102 1889 ( 55 1663 ( 61 1758 ( 164
IL-6 4507 ( 656 5178 ( 473 5535 ( 478 5380 ( 362 5396 ( 581
IL-10 13488 ( 873 14284 ( 360 15029 ( 404 15024 ( 699 14871 ( 1039
TNFR 1687 ( 284 1663 ( 190 2151 ( 219 1774 ( 150 2076 ( 215

a Significant variation versus the respective control group (p < 0.05).

TABLE 6. Cytokine Levels in pg/mL (mean ( SEM, n = 5) in Cell Culture Medium from ConA Stimulated Lymphocytes,

Isolated from Spleen and MLN at day 29

Ag < 20 Ctrl-Ag < 20 Ag < 15-PVP AgNO3 Ctrl-Ag < 15-PVP/AgNO3

Cells Isolated from Spleen; ConA Treated
IL-1β 198 ( 14 316 ( 61 192 ( 22a 207 ( 9 383 ( 63
IL-6 86 ( 12 260 ( 89 81 ( 12a 83 ( 6a 389 ( 102
IL-10 4887 ( 248 6208 ( 1127 4246 ( 415 5958 ( 453 6591 ( 722
TNFR 1574 ( 168 1713 ( 350 1662 ( 157 1626 ( 175 1711 ( 112
INFγ 3213 ( 152 2954 ( 299 3060 ( 65 3155 ( 93 2817 ( 298
IL-2 4189 ( 366 5354 ( 698 4555 ( 341 4499 ( 265 5459 ( 302
IL-4 37 ( 4 29 ( 6 32 ( 3 33 ( 7 32 ( 2
IL-13 9 ( 2 16 ( 5 7 ( 0.3 10 ( 2 27 ( 9
IL-17R 932 ( 89 1023 ( 167 689 ( 54 1457 ( 385 1525 ( 250

Cells Isolated from MLN; ConA Treated
IL-1β 59 ( 16 41 ( 18 61 ( 5 52 ( 6 57 ( 18
IL-6 59 ( 32 29 ( 6 79 ( 28 72 ( 9 161 ( 37
IL-10 2190 ( 132 2017 ( 240 2511 ( 59 2746 ( 193 3003 ( 369
TNFR 715 ( 188 862 ( 203 1193 ( 154 1077 ( 117 1057 ( 109
INFγ 2146 ( 534 2362 ( 198 2911 ( 432 2049 ( 152 279 ( 577
IL-2 1521 ( 567 1536 ( 388 2756 ( 443 2657 ( 331 2711 ( 405
IL-4 20 ( 4 17 ( 3 24 ( 2 19 ( 2 32 ( 4
IL-13 ND ND ND ND ND
IL-17R 127 ( 33 135 ( 32 231 ( 61 182 ( 66 328 ( 131

a Significant variation versus the respective control group (p < 0.05).
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exposure, which is in linewith the results of the present
study.43

CONCLUSION

It can be concluded that the main target organs for
silver distribution upon oral exposure of two AgNPs
and AgNO3 are the liver and spleen, followed by the
testis, kidney, brain, and lungs, without differences in

the distribution pattern between the two different
AgNPs, or the AgNO3 exposed animals. The uptake of
silver in blood and organs was higher in the AgNO3

exposed rats than in the AgNP exposed rats. When
taking only the fraction of soluble silver into account,
the proportions of silver taken up of the Ag < 20 and
AgNO3 were rather similar. This indicates that silver is
probably mainly bioavailable in the ionic form and not
in the particulate form after AgNP exposure. However,
not allmeasured silver could be accounted for in blood,
testis, and spleen by the fraction of soluble silver alone,
indicating that a small fraction of particles might be
bioavailable as well. Elimination of silver occurred at an
extremely slow rate in brain and testis, which still con-
tained high concentrations of silver twomonths after the
final exposure. Silver containing nanoparticles were de-
tected with SP-ICP�MS in liver, spleen, and lungs of all
AgNP exposed animals, but also of the AgNO3 exposed
animals. Clearly, nanoparticles are formed in vivo from
silver ions and they are probably composed of silver salts.
When these results are taken together, it appears as

if oral exposure to AgNPs is very similar to exposure to
silver salts. However, the consequences of the in vivo

formation of silver containing nanoparticles and of the
long retention of silver in brain and testis should be
considered in a risk assessment of AgNPs.

METHODS
Nanomaterials. An aqueous stock suspension of noncoated

AgNPs (NM-300K; referred to as Ag < 20) with an average size <
20 nm and its matrix control (NM-300KDIS; referred to as
Ctrl-Ag < 20) were obtained from the JRC repository (Ispra, Italy).
The matrix consisted of the stabilizing agents polyoxyethylene
glycerol trioleate (4%) and Tween 20 (4%) in H2O. These
particles are very well characterized by the manufacturer to
allow their use as representative manufactured nanomaterials
in the OECD testing program. This characterization consisted of
TEM analysis, scanning electron microscopy (SEM) analysis and
nanoparticle tracking analysis (NTA). Stock suspensions were
diluted with liquid chromatography/mass spectrometry (LC/MS)
grade water (Biosolve, Valkenswaard, The Netherlands) to a
total silver concentration of 27 mg/mL. The matrix control was
equally diluted.

Coated AgNPs (75 wt % PVP; Nanostructured & Amorphous
Materials, Inc., Houston, USA, referred to as Ag < 15-PVP) with an
average size <15 nm, and AgNO3 (Sigma-Aldrich, Zwijndrecht,
The Netherlands) were obtained as dry powder. The Ag <
15-PVP particles were suspended in LC/MS grade water to a total
silver concentration of 27 mg/mL and AgNO3 was dissolved in
LC/MS grade water to a final silver concentration of 2.7 mg/mL.
Pure LC/MS grade water served as a matrix control for the Ag <
15-PVP particles and AgNO3 (referred to as Ctrl-Ag < 15-PVP/
AgNO3). All suspensions/solutions were prepared freshly three
times a week. To minimize agglomeration of the particles, the
particle suspensions were sonicated for 20min at 20 �C at 100%
output (4 W specific ultrasound energy (240 J/m3)), using
a Branson 5510 water bath sonicator (Emerson, USA) after
preparation.

AgNP Suspension Characterization. The morphological charac-
teristics of the AgNPs were analyzed by TEM. To reduce the risk
of formation of possible artifacts, all TEM micrographs were
analyzed on the same day the grids were prepared. The PVP

coating of the Ag < 15-PVP particles was analyzed only qualita-
tively by bringing a homemade pioloform- and carbon-coated
EM-grid pretreatedwith 1%Alcian blue in contact with a droplet
of a 1mg/mL suspension of silver particles, as described byMast
and Demeestere 2009.44 Grids were washed twice with double
distilled water to remove excess particles. The grids were
blotted using filter paper and subsequently stained with uranyl
acetate, followed by examination with a Tecnai Spirit micro-
scope (FEI, Eindhoven, The Netherlands) with an accelerating
voltage of 120 kV. Digital micrographs were made using a
bottom-mounted 4 � 4 K Eagle Camera. The negative staining
allows visualization of the coating as a luminescent corona,
while particles were detected on their inherent electron density.

The sizes of both types of AgNPswere analyzed qualitatively
and quantitatively by bringing a homemade pioloform- and
carbon-coated EM-grid pretreated with 1% Alcian blue in con-
tact with a droplet of a 1 mg/mL suspension of silver particles
and subsequently blotted using filter paper. Grids were washed
twice with double distilled water to remove excess particles.
Micrographs were taken using the same setup as described
above. Magnification was set at 68000�, and about 10 points
over the total grid were selected for systematic random sam-
pling. Sizes of minimally 350 particles were semiautomatically
quantified using AnalySIS Solution of the iTEM software
(Olympus, Münster, Germany). A manual threshold was applied
and particles were detected in a region of interest (ROI),
excluding border particles and particles consisting of less than
50 or 100 pixels. For each particle the mean diameter was
measured.

The hydrodynamic diameter of both types of AgNPs was
analyzed by DLS analysis. Particle suspensions, at concentra-
tions of 5 or 10 mg/L for the Ag < 20 and Ag < 15-PVP particles
respectively, were prepared with ultrapure LC/MS water and
sonicated at 100% output, using a Branson 5510 water bath
sonicator for 20 min. DLS measurements were performed
using an ALV dynamic light scattering setup (ALV-Laser

Figure 10. Activity of NK-cells (mean( SEM, n = 5), isolated
from the spleen, as a percentage of the maximal release of
radioactivity from 51Cr-labeled YAC-1 target cells.
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Vertriebsgesellschaft m-b.H., Hessen, Germany), consisting of a
Thorn RFIB263KF photomultiplier detector, an ALV-SP/86 goni-
ometer, an ALV 50/100/200/400/600 μm pinhole detection
system, an ALV7002 external correlator, and a Cobolt Samba-
300 DPSS laser, with awavelength of 532 nmand a power of 300
mW. Each measurement consisted of 10 technical replicates
and was conducted at a scattering angle of 90�. Hydrodynamic
diameters were calculated using ALV software (AfterALV 1.0d,
Dullware, USA).

Finally, the dissolution behavior of the AgNPs in suspension
was analyzed in the Ag< 20 andAg< 15-PVP suspensions. Silver
ions, dissolved from AgNPs, highly attribute to the biological
activity of AgNP suspensions and several factors might influ-
ence the dissolution of silver ions. Two factors of importance to
the current study design, were examined, namely: different
AgNP concentrations and varying storage times. AgNPs were
extracted from the AgNP suspension to determine the ionic
silver fraction. Ultrafiltration of the AgNPs was performed by
centrifugation through a cellulose filter with a nominal cutoff
value of 3 kDa (Ultra-4, Amicon). The total silver content in the
unfiltered AgNP suspensions and their respective filtrates were
measured by AAS. The percentage of soluble silver in the AgNP
suspensions was calculated by dividing the silver content in the
filtrates by the silver content in the unfiltered AgNP suspensions
multiplied by 100. Ultrafiltration separation efficiency was
verified by DLS (ALV setup andmethod as previously described)
and ultraviolet�visible spectroscopy (UV�vis; UV-mini 1240;
Shimadzu, Japan) analysis of the filtrates. The UV�vis spectros-
copy analysis was performed by adding a volume of 1 mL to a
quartz cuvette and measuring the absorption at a wavelength
spectrum, ranging from 200 to 600 nm at room temperature.
Binding of silver ions to the ultrafiltration membrane was also
evaluated by preparing an AgNO3 dilution series, ranging from
0.05 to 10 μg silver/mL, and processing them by ultrafiltration.
The total silver content in the solution before and after filtration
was measured by AAS. The influence of the silver concentration
on the AgNP dissolution behavior was evaluated by preparing
AgNP dilution series ranging from 5 to 100 μg silver/mL from
nanoparticle stock suspensions of 27 mg silver/mL. Series were
prepared in duplicate. The suspensions were immediately
processed by ultrafiltration, followed by AAS measurement.
The influence of time on the dissolution behavior of the
particles was evaluated by ultrafiltration of particle suspensions
(Ag < 20 with a concentration of 25 μg silver/mL and Ag < 15-PVP
with a concentration of 12.5 μg silver/mL) at T = 0, 1, 3, 6, 24, 48 h
and 7 days (n = 2), followed by AAS measurement.

In Vivo Experimental Design. Six-week-old male specific patho-
gen free Sprague�Dawley rats were purchased from Harlan
(Horst, The Netherlands). At the start of the experiment the
average body weight of the animals was∼245 g. Animals were
housed in polycarbonate cages (maximum three per cage) with
a 12 h light/dark reversed cycle andwere allowed to acclimatize
for two weeks before the start of the experiment. Room
temperature was ∼20 �C with a relative humidity of ∼55%.
Food and water was given ad libitum, except for a two hour
fasting period before each oral gavage. The study was per-
formed according to the national guidelines for the care and use
of laboratory animals under approval of the Dutch animal
welfare committee.

Rats were randomly divided into 5 groups (n = 5 per group):
(1) Ag < 20; 90 mg/kg bw (2) Ag < 15-PVP; 90 mg/kg bw, (3)
AgNO3 9 mg/kg bw, (4) Ctrl-Ag < 20, and (5) Ctrl-Ag < 15-PVP/
AgNO3. In addition, the remaining rats were randomly divided
into 3 groups (n = 5) to study thewash-out until day 36, and into
another 3 groups (n = 5) to study the wash-out until day 84.
These wash-out groups for day 36 and 84 received equal
treatments as group 1�3.

All rats were exposed daily for 28 days by oral gavage.
Dosing volume was 3.3 mL/kg bw. The suspensions/solutions
were directly administered into the lower esophagus, only after
2 h of fasting, to prevent a reflux reaction. During the first 28
days, all animals were weighed daily. Weekly, 250 μL of blood
was drawn on heparin through the tail vein, 5 h after the oral
gavage. Blood was placed on ice for total silver measurements.
Additionally, weekly, a sample of the feces was collected from

each rat just before the oral gavage for total silver measure-
ments. At day 29, the first five groups were euthanized by CO2/
O2 inhalation and the following organswere excised aseptically,
weighed, and placed on ice: liver, kidneys, lungs, heart, spleen,
brain, bladder, testis, and the MLNs. Furthermore, blood was
collected on heparin and stored on ice, as well as the stomach
and small and large intestinal wall, and their carefully separated
contents. Whole blood was used for total silver measurements
and heparinized plasma was extracted from the remaining
blood by centrifugation of the blood for 15 min at 3000g and
collection of the upper layer.

After day 29, the animals in the wash-out groups were
weighed daily and feces was collected weekly. At day 36, three
wash-out groups for day 36 were randomly euthanized by
CO2/O2 inhalation and organs were collected, weighed, and
stored according to the same protocol as applied on day 29.

The remaining three wash-out groups for day 84 were
weighed weekly from day 37 to day 84, and feces was collected
weekly. Blood (250 μL) was drawn on heparin through the tail
vein every other week and placed on ice until silver measure-
ments. At day 84, all animals were euthanized, and the organs
were collected according to the same protocol as applied on
day 29.

Determination of total Silver Content in Suspensions, Tissues, Organs
and Gastrointestinal Content. Total silver content was determined
in the AgNP/AgNO3 stock suspensions/solutions, and in the
AgNP/AgNO3 dilution series with their respective filtrates, as
obtained from the AgNP dissolution characterization. Before
AAS measurement, AgNP suspensions and AgNO3 solutions
were digested by weighing ∼1 g suspension and adding it to
10 mL of a mixture of concentrated hydrochloric- and sulphuric
acid (3:1), followed by a microwave treatment of 90 min at
∼250 �C, 70 bar. The acidic mixture to digest silver suspensions
is different to that used to digest tissue samples, since the
presence of an excess of chloride (which is commonly present in
tissue samples) was found to be imperative for complete
dissolution of the silver nanoparticles.9 Tissue samples of day
29, 36, and 84 (liver, kidneys, lungs, heart, spleen, brain, bladder,
testis, and the stomach-, large- and small intestinal wall) as well
as whole blood samples were digested by weighing∼1 g tissue
or blood in 10 mL of nitric acid 70%, followed by a microwave
treatment of 90 min at∼250 �C, 70 bar. Whole blood instead of
plasma was used for total silver measurements to avoid loss of
silver during the separation process. Blood that was collected
through the tail vein during the first 28 days was pooled per
group to obtain enough material for measurement. Upon cool-
ing, the digests were further diluted by adding purified water to
a total volume of 50mL. Subsequently, samples were measured
on a AAnalyst 800 (Perkin-Elmer, USA). The resulting silver
concentrations were expressed in μg/kg, with a limit of detec-
tion of 5 μg/kg for blood and 100 μg/kg for all organs, gastro-
intestinal contents, and feces. The results of the silver
measurements were corrected for an overall recovery of 70%.
The recovery was determined by measuring AgNO3 and AgNP
dilution series in LC/MS gradewater, and bymeasuring liver and
kidney tissue spiked with AgNO3 or AgNPs. Digested tissues
were spiked at concentrations ranging from 0.05 to 100 mg/L.
Silver dilution series ranged from 5 to 100 μg/mL.

Determination of AgNPs in Tissues and Gastrointestinal Content.
Samples of stomach and small and large intestinal content,
liver, spleen, kidney, and lungs from day 29, 36, and 84 were
prepared for SP-ICP�MS analysis by enzymatic digestion. In
short, 2mL of digestion buffer (10mMTris, 1% Triton X-100, and
1 mM calcium acetate; pH 9.5; Sigma Aldrich) was added to
200 mg of tissue. The suspension was vortexed for 15 s. Sub-
sequently, 625 μL of proteinase K (32 U/mL; Sigma-Aldrich) was
added, mixed by 10 s vortexing, and incubated for 16 h at 55 �C
in a shaking water bath. After incubation the mixture was
vortexed vigorously for 1 min and further diluted 40000 times
with purified water. Blood samples were immediately diluted
40000 times with purified water. Samples were analyzed on a
Thermo X Series 2 (Waltham, MA, USA), equipped with an auto-
sampler, a Babington nebulizer, and operated at a radio frequency
(RF) power of 1400 W. Silver was measured at m/z (molecular
mass/number of elementary charges) values of 107 and 109.
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Data acquisition was performed using Thermo Plasmalab soft-
ware in the time-resolved analysis (TRA)modewith a dwell time
of 3 ms and an acquisition time of 60 s per measurement. Data
were exported as a CSV file and processed in Microsoft Excel.
Particle sizes, size distributions, and concentrations were calcu-
lated. Results were corrected for blank samples. The particle
sizes are calculated from the measured silver masses by assum-
ing a spherical shape of the particles. The lower size detection
limit of SP-ICP�MS for AgNPs is ∼20 nm, while the concentra-
tion detection limits depended on the quantity of the available
samples and on the preparation procedure. The concentration
detection limits were set at 40 μg/L for blood, 400 μg/kg for all
organs, and 2 mg/kg for the gastrointestinal contents (which
equals∼2� 1012 particles/L blood,∼2� 1013 particles/kg organ,
and ∼8 � 1013 particles/kg gastrointestinal content, respectively,
assuming a particle size of∼20 nm).

Blood Biochemical Analysis. In blood plasma, taken at day 29,
ALT and AST activity was analyzed using an AST and ALT kit
based on the LiquiUV modified International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC) method
(INstruchemie, Delfzijl, The Netherlands). Measurements were
performed according to the instructions in the kit. A volume of
200 μL of heparinized plasma was pipetted into a cuvette and
placed in a water bath at 25 �C. Following, 1 mL of enzyme
reagent (25 �C) was added to the cuvette and incubated for
5 min at 25 �C. After exactly 5 min, 250 μL of substrate reagent
was added and mixed. The absorbance was read after exactly
1, 2, 3, and 4min at 340 nm. Enzyme activity (U/L) was calculated
by multiplying the average change in absorbance per minute
with 952.

Immunotoxicity Analysis. Cell Isolation. Excised MLNs and ap-
proximately one-third of the spleen of each rat were stored
separately in Iscove's modified Dulbecco's medium (IMDM;
Gibco, Grand Island, NY, USA) on ice. The organs were pressed
gently through a cell strainer (70 μm nylon; Falcon, Becton-
Dickinson Labware, Franklin Lakes, NJ, USA) and the cells were
suspended in 25mL of IMDM, supplemented with 10% fetal calf
serum (FCS; PAA, Linz, Austria), 100 IU/mLpenicillin, and100μg/mL
streptomycin, referred to as complete Iscove's medium. The cell
suspensions were centrifuged at 300g for 10 min (4 �C), and the
pellets were resuspended in 20 mL of complete Iscove's med-
ium. Finally, cells were counted using a Coulter counter (Coulter
Electronics, Luton, UK).

Lymphocyte Transformation Test. A total of 1.05� 106 cells,
isolated from the spleen or MLNs, was cultured in 6-fold in
150 μL of complete Iscove's medium in U-bottom 96-well micro-
titer plates (Greiner, Frickenhausen, Germany). To three of the six
wells 0.3 μg of LPS or Con A was added. Plates were incubated
for 48 h with LPS, or for 72 h with Con A in a humidified
atmosphere containing 5% CO2 at 37 �C. Following, 37 kBq
[methyl-3H]thymidine ([3H]TdR; Amersham, Little Chalfont, UK)
was added to thewells, and the cells were incubated for another
24 h. Finally, cells were harvested onto glass-fiber filters (LKB-
Wallac, Espoo, Finland) using a multiple cell culture harvester
(LKB-Wallac), and radioactivity was counted using a LKB Wallac
1205 Betaplate Beta Liquid Scintillation Counter (LKB-Wallac).

NKActivity Assay. Adherent cells were removed from spleen
cell suspensions by overnight incubation at 37 �C as described
elsewhere.45 The activity of NK cells wasmeasured by the ability
of 2� 106 spleen cells to lyse 1� 104 51Cr-labeled yeast artificial
chromosome-1 (YAC-1) target cells duringa4hcoincubation in 96-
well cell culture plates (Greiner) at 37 �C. Radioactivity was then
counted using a Perkin-Elmer Packard CobraII Auto Gamma
Counter. NK-cell activity was given as a percentage of themaximal
release by YAC cells, calculated as (radioactivity counts in the
supernatant minus the spontaneous release by YAC)/(maximal
release by YAC cells minus the spontaneous release by YAC cells).

Cytokine Release. MLN and spleen cells were incubatedwith
LPS and Con A using the same cell concentrations and LPS and
Con A concentrations as described above.

A 4-plex panel (IL-1β, IL-6, IL-10, and TNF-R; Bio-Rad, Her-
cules, CA, USA) was used for supernatants of LPS stimulated
cells, while a 9-plex panel (IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-13,
IL-17A, and TNF-R; Bio-Rad) was used for supernatants of Con A
stimulated cells. Analysis was performed according to the

instructions in the kit. Briefly, a volume of 100 μL of Bio-Plex
assay buffer (Bio-Rad) was added to 96-wells filter bottomplates
(Bio-Rad) to prewet the plate, and throughout the assay buffer
was removed by vacuum after each incubation or wash step.
Beads were diluted in assay buffer, and 50 μL/well was added.
Then, the plates were washed 2 times with 100 μL of Bio-Plex
wash buffer (Bio-Rad). Dilution series of the cytokine standards
were made ranging from 32000 to 0.18 pg/mL. Fifty microliters
of the standards and cell culture supernatants was added to the
wells, and the plates were vortexed at 1100 rpm for 30 s and
incubated at room temperature (RT) for 30 min while vortexing
at 300 rpm. After incubation, the plates were washed three
times with 100 μL of wash buffer. Detection antibody was
diluted in detection antibody diluent (Bio-Rad), and 25 μL/well
was added. The plates were again vortexed at 1100 rpm for 30 s,
incubated at RT for 30minwhile vortexing at 300 rpmandwashed
three times with 100 μL assay buffer. Next, streptavidin�phycoer-
ythrin was diluted in assay buffer and 50 μL/well was added. The
plates were incubated for 10 min at RT. After three times washing
with 100 μL of wash buffer the beads were resuspended in 125 μL
assay buffer and read on a Bio-Plex reader (Bio-Rad). Results were
obtained at low photomultiplier tube settings.

Plasma IgG and IgM Levels. Plasma IgG and IgM levels were
measured in plasma using rat IgG and IgM ELISA kits (E25G and
E25M, respectively; ICL, Gentaur, The Netherlands). IgG was
measured at 20 000-, 40 000-, and 80 000-fold plasma dilutions,
while IgM was measured at a 600-fold plasma dilution.

Statistical Analysis. Results of the AgNP size characterization
by TEM analysis were statistically analyzed using Sigmaplot
software (Systat Software Inc., Chicago, USA). Other results were
statistically analyzed using Prism software (v5; GraphPad Soft-
ware, Inc., La Jolla, USA). Body- and organ weights, lymphocyte
transformation, NK-activity, and antibody- and cytokine release
results were analyzed by a one-way ANOVA with a Bonferroni
post-test. AAS and biochemical analysis results were analyzed
by a two-way ANOVA with a Bonferroni post-test. A p-value of
e0.05 was considered significant. Outliers in the AAS and cytokine
release results were removed according to Chauvenet's criterion.
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